Abstract According to the purpose of applications, the application program will utilize the most suitable data model and 3D modeling data would be generated based on the selected data model. In these reasons, there are various data sets to represent the same geographical features. The duplicated data sets bring serious problems in system interoperability and data compatibility issues, as well in finance issues of geo-spatial information industries. In order to overcome the problems, this study proposes a spatial data fusion method using topological relationships among spatial objects in the feature classes, called Topological Relation Model (TRM). The TRM is a spatial data fusion method implemented in application-level, which means that the geometric data generated by two different data models are used directly without any data exchange or conversion processes in an application system to provide indoor LBSs. The topological relationships are defined and described by the basic concepts of IndoorGML. After describing the concepts of TRM, experimental implementations of the proposed data fusion method in 3D GIS are presented. In the final section, the limitations of this study and further research are summarized.
Introduction
3D geo-information has always been challenged due to a variety of data models, resolution and details, and ways of geometric and topological representations.
Since 9/11 there has been special interest in 3D models to represent internal structures of micro-scale environments (built-in urban areas). Such models are mostly available from the design phase(as CAD models).
Although CAD models are, in most cases, too detailed for computing evacuation routes, for effective disaster management several different models have to be used. It is a difficult task to select an appropriate data structure designed for the characteristics of the applications, for example, objects of interest, resolution, required spatial analysis, etc. [15] . A model designed for 3D spatial analysis may not exhibit good performance on 3D visualization and navigation. In other words, different data models might be suitable for the execution of specific tasks but not others.
The data structure of geometric modeling will be determined not only by the characteristics of the application, but also by the data acquisition techniques.
In order to model indoor space in more efficient ways, many researchers have developed various data acquisition techniques [5] . In general, the data capture methods are classified into four ways including indoor space modeling using point clouds data of 3D laser scanning, panorama digital images, BIM data, and 2D CAD drawing maps of buildings. Some research analyzed the effectiveness of the data acquisition methods through SWOT analyses as well as costbenefit analyses [12] .
Depending upon the creation methods of 3D indoor data, the different data model should be used. The indoor space data generated by 3D Laser scanning method and the panorama digital image method is modeled in surface-oriented geometric models, while the indoor space data constructed by BIM data or 3D CAD drawing data is modeled in volume-oriented geometric models. As mentioned above, according to the purpose of applications, the application will utilize the most suitable data model, and 3D modeling data for the application would be generated based on the selected data model. In the reasons, there are various data sets to represent the same geographical features.
The current duplicated process of data generation brings serious problems in system interoperability and data compatibility issues, as well in financial expense of geo-spatial information industries.
In order to overcome the problems, many researchers have developed several methods to deal with improving data compatibility to reuse the existing data generated for specific applications in two different aspects. One is to develop methods or algorithms to exchange one data format to the other data format such as the algorithm to transfer BIM data to CityGML data [4] . The other is to develop procedures to join attribute data of two different geo-spatial data such as the method of joining attribute data between road data of NGII and road data of New Address System [6] . Both ways are based on feature class relation methods, which require several conditions in destination data and source data sets related to how to maintain feature identifiers(FID), how to define spatial-units of the feature, how to determine cardinalities between spatial units, etc. Because these problems are related to which data model is used, it is a difficult task to select an appropriate data model designed for the characteristics of the applications.
In order to fill out the gaps among data models, which are obstacles in implementing spatial data fusion based on feature class relation methods, this study proposes a spatial data fusion method using topological relationships among spatial objects in the feature classes, called Topological Relation Model(TRM). The TRM is a spatial data fusion method, which is implemented not in data-level, but in application-level.
This does not mean that the geometric data generated by two different data models is integrated each other by data exchange or conversion processes. It means that the geometric data generated by two different data models is used directly without data exchange or conversion processes in one application system. The topological relationships are defined and described by the basic concepts of IndoorGML. Section 2 of this paper reviews the previous works related to the data exchange issues, and Section 3 describe the basic concepts of IndoorGML. The following sections describes the proposed data fusion method for indoor space modeling data, which is developed by utilizing the topological data model of IndoorGML to represent the topological relationships among 3D entities in urban environments in dual graphs. In the next sections, experimental implementations of the proposed data fusion method in 3D GIS are presented. In the final section, the limitations of this study and further research are summarized.
Related Works
Data fusion models have been proposed by many researchers. These models are classified into two groups: data transformation models using feature class relation models and attribute data integration models using feature class relation models. The recent efforts into data transformation models using class relationships have been made on the feature data fusion models.
The feature integration models implement a method to define the associations of the features by mapping between class objects [3] . 
Basic Concepts of IndoorGML
IndoorGML is an open data model and XML-based format for representing and exchanging indoor spatial data, whose standard document is reviewed by the IndoorGML SWG in Open Geospatial Consortium (OGC) [11] .
The aim of IndoorGML is to establish a common 
Node-Relation Structure
The topological model is closely related to the representation of spatial relationships among objects in geographic phenomena. Over the last twenty years, topological models for n dimensional objects have been developed by a number of researchers. However, the 3D topological models have not been implemented in the commercial 3D GIS systems. A number of researches have been proposed to implement 3D data structures based on boundary representations [14] . The NRS utilizes the Poincaré Duality in order to simplify the complex spatial relationships between 3D
objects by a combinatorial topological network model. Solid 3D objects in primal space, e.g., rooms within a building, are mapped to vertices(0D) in dual space.
The common 2D face shared by two solid objects is Figure 2 . Structure Space Model [11] transformed into an edge(1D) linking two vertices in dual space. Thus, edges of the dual graph represent adjacency and connectivity relationships which may correspond to doors, windows, or hatches between rooms in primal space.
Structure Space Model
The Structured Space Model defines the general layout of each space layer independent from the specific space model which it represents. Each layer is systematically subdivided into four segments(see which says that topology must be modelled as topological complex and that excludes the existing of overlapping objects or spaces [11] .
In the structured space model, topological relationships such as connectivity and adjacency relationships among 3D spatial objects are represented within topology space(i.e., the right side of Figure 2 ). In primal space, topology is induced by the corresponding 3D geometry in Euclidean space. By applying a duality transformation based on the NRS, the 3D cells in primal topology space are mapped to nodes(0D) in dual space.
The topological relationships between 3D cells are transformed to edges(1D) linking pairs of nodes in dual space. The dual graph representing topological relationships among 3D spatial objects in topological space is called a Logical NRS that is presented by a logical network structure, while the dual graph embedded to
Euclidean space is called a Geometric NRS as seen Figure 2 . Because the Geometric NRS is presented by the network structure containing geometric properties, the Geometric NRS representing connectivity relationships among spatial objects in the building can be used to implement indoor navigation applications.
Space-Relation Model
The IndoorGML data model is thematically decomposed into a core module and thematic extension modules.
The core module comprises the basic concept of Structure Space Model. In other words, the core module of IndoorGML is a topological data model to represent adjacency and connectivity relationships 
Data Fusion Model for Indoor

Geometric Models for Indoor Space Modeling
AbstractSpace in IndoorGML is represented as gml:AbstractGeometry and the geometry is realized to several geometry types according to the building models. As seen in Figure 4 and 5, the AbstractSpace mapped on gml:AbstractGeometry is can realized as gml:Solid or gml:Surface. As the first method of building modeling, the 'indoor space modeling using point clouds data of 3D laser scanning' is to model the indoor space based on surface-oriented geometric models. As seen in Figure 4 , in the 3D indoor space modeling data generated by surface-oriented geometric models, each wall is modeled as a surface geometric primitive, and the room is bounded by the surfaces based on B-rep representation. In Surface-oriented model such as CityGML as seen in Figure 4 , the AbstractSpace in IndoorGML is represented as gml:
MultiSurface, and wells and doors are represented as gml:MultiSurface in 3D data model.
On the other hand, the 'indoor space modeling using 2D CAD drawing maps of buildings' method is implemented based on volume-oriented geometric models.
When the indoor space model is proposed based on 3D volume-oriented geometric model such as IFC models, the geometries of door and wall are represented as gml:Solid as shown in Figure 5 . Also, the AbstractSpace such as rooms is represented as gml:Solid.
In other words, the class AbstractSpace can be 
Topological Relation Method for Data Fusion
In order to integrate with data sets generated by different data models, this paper proposes the TRM.
The TRM is a method to integrate two data sets based on topological models to represent topological relationships among 3D objects in a building. The topological model utilized in this paper is based on the core module of IndoorGML, which is a candidate international standard reviewed by the OGC. 
Topological Model for TRM
Space Unit(AbstractSpace) Representation in
Procedure to Generate Topological Models based on Extended IndoorGML
As seen in the above, the spatial objects defined by different geometric models can be mapped into the same topological objects based on the proposed For the indoor modeling data created by the method using 2D CAD drawing maps of buildings, the topological model can be generated much simpler than the previous case.
The geometric objects in the indoor modeling classified by NavigableSpace features are mapped into Indoorcore::State, which is realized as a Node. And the next step is to query the NavigableSpaceBoundary features of the NavigableSpace defined in the previous step, and to map their relations into Indoorcore::
Transition, which is realized as a Link in the topological model. These procedures to generate the topological model are summarized as the Figure 10 .
The Figure 11 demonstrates the example how to generate the topological data of the indoor space modeling data created by Surface-oriented Geometry
Model. The topological data based on the Extended
IndoorGML is a network data consisting of six Nodes and five Links, which represent a building having two rooms and two doors of a building. Meanwhile, the Figure 12 shows how to generate the topological 
Data Structure of Topological Model
As seen in Figure 11 and Figure 12 , the generated topological network data fully depends on the indoor spatial geometric model. In other words, because the geometric data generated by Surface-oriented Geometric Model is different from the geometric data generated by Volume-oriented geometric Model representing the same building, the topological data are different from each other. In order to integrate one data set with other data set using the proposed TRM, the topological network data needs additional attributes in Nodes and Links.
Each node in the databases has an identifier, node-type, RelatedSpaceID and ConnectedLinkNode.
Because the unit of Indoor LBS is a single room, the attribute data is also room-based information that is analysis. In the Table 2 , the basic attributes of the link are listed and described.
Experimental Examples
This section demonstrates how to implement the proposed Topological Relation Models to provide an indoor GIS application service, which uses two types of indoor space geometric data described in the previous section. As seen in Figure 13 , the study area is a city block where two buildings and roads are located in. The entrances of the buildings are colored in black in the figure.
The geometry model of Building A is created by using 2D CAD drawing maps of buildings' method.
The geometric model is based on Volume-oriented Geometry Model. As seen in Figure 14 , six rooms, three hallways, one corridor and thirteen doors are displayed on the 2D building drawing map.
On the other hand, the geometric model of Building B is generated by the 3D laser scanning method, which utilizes the Surface-oriented Geometry Model. The Figure 15 is the 2D drawing map of the Building B, where four rooms, two hallways, and six doors are displayed on.
As mentioned in the above, the proposed TRM is a spatial data fusion method, which is implemented in application-level. One example of spatial query in indoor LBSs is "Please define the optimal route from a Room #5 in a Building A to a Room #3 in a Building B". In order to perform this kind of spatial query analysis in the study area, the topological models of the study area should be generated from the indoor space geometric data of the study area in base of the proposed Extended IndoorGML.
In order to generate the topological network data, the spatial features in the geometry model of Building A created by the method using 2D CAD drawing maps Suppose that a person wants to find a route from Room #5 in the Building A to Room #3 in the Building B at the study area( Figure 13 ). In order to perform the spatial query in indoor GIS applications, the indoor spatial models of Building A and B should be used in the same application even though the indoor data are represented differently according to the Geometry Models as described in the previous. In order to do that, the spatial data fusion process between two indoor modeling data sets is required to develop the system. We used the proposed TRM to integrate the indoor spatial models of Building A and B without converting or exchanging the geometric data of buildings. The topological network of Building A is linked with the street network, and the topological network of Building B is also connected with the street network. The linked node is defined as an AnchorNode in the IndoorGML, which represents entrances of buildings. As a result, the composited topological network of the study area is generated as seen in Figure 18 .
In order to perform the spatial query such that "Please search the optimal route from Room #5 in Building A(called a starting point) to Room #3 in Building B(a destination)", we can use the topological network of the study area in Figure 18 . The optimal route is defined with three steps. The first step is to define the path between a starting point(Room #5) to an entrance of the building (called AnchorNode) in the Building A, which is colored in blue, and then the path 
Conclusion
According to the purpose of applications, the application will utilize the most suitable data model and 3D modeling data for the application would be generated based on the selected data model. Several researchers have developed several data fusion methods to deal with improving data comparability to integrate the data sets generated based on various data models.
With a different approach, this study proposes a spatial data fusion method using topological relationships among spatial objects in the feature classes, called Topological Relation Model(TRM). The TRM is a spatial data fusion method implemented in applicationlevel, which means that the geometric data generated by two different data models are used directly without any data exchange or conversion processes in an application system to provide indoor LBSs. And, to evaluate the potential benefit of a spatial data fusion method for improving the data compatibility and reuses, we presented experimental implementations of the proposed data fusion method. 
